The placenta is a vital organ necessary for healthy fetal development. Placental insufficiency creates an in utero environment where the fetus is at risk of insufficient oxygen or nutrient exchange. This is primarily caused by impairment of either maternal or fetal circulation or vascular thrombosis such as placental infarction. As a result of placental dysfunction, affected fetuses may be growth restricted, neurologically impaired, and at risk of increased morbidity and mortality. In a cohort of 4 pregnant Rhesus macaques, we describe antenatal detection of naturally occurring intrauterine growth restriction (IUGR) and aberrant fetal neurodevelopment in 1 animal. Abnormal growth parameters were detected by Doppler ultrasound, and vascular insufficiency in the intervillous space was characterized by dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI). Furthermore, placental oxygen reserve was shown to be reduced compared to control animals by measurements of placental water T 2 *. To characterize the effects of IUGR on fetal brain development, T 2 and diffusion anisotropy images of the fetal brain were acquired in utero. Reduced brain volume and cerebral cortical surface area were apparent macroscopically. Microstructural abnormalities within the developing white matter and cerebral cortex were also observed through analysis of water diffusion anisotropy. After delivery by cesarean section, pathological examination confirmed placental insufficiency with hypoxia. These findings exemplify how DCE-MRI and T 2 *-based measurements of blood oxygenation within the placenta can provide noninvasive imaging methods for assessing in vivo placental health to potentially identify pregnancies affected by placental insufficiency and abnormal fetal neurodevelopment prior to the onset of fetal and neonatal distress.
Introduction
Intrauterine growth restriction (IUGR) is one of the leading causes of perinatal mortality and morbidity. 1 Infants born with IUGR are at increased risk of neurological impairment and long-term neurodevelopmental disorders. [2] [3] [4] [5] A key contributor to IUGR is placental dysfunction, 6 which is not surprising, since the placenta occupies a central role in facilitating nutrient exchange from mother to fetus.
Doppler ultrasound (Doppler-US) is an established clinical standard for antenatal surveillance, given its safety profile, cost, and ease of accessibility. It has the ability to evaluate abnormal placentation and to semi-quantitatively measure uterine blood flow for the assessment of fetal well-being. However, this approach is constrained to characterizing major maternal blood vessels supporting the placenta and is not capable of assessing blood flow within the intervillous space, the site of nutrient exchange with the fetal vasculature. Limitations in existing methods for monitoring placental function in vivo, in combination with a high prevalence of placental insufficiency, highlight the need for a greater understanding and ability to detect placental dysfunction in utero. Magnetic resonance imaging (MRI) is a complementary noninvasive imaging modality that can be used throughout pregnancy. 7, 8 Recently, we have developed MRI-based methods for noninvasively characterizing maternal blood flow and oxygen exchange between the maternal and the fetal vasculature throughout the nonhuman primate (NHP) placenta. 9, 10 Blood flow is measured using dynamic contrast-enhanced MRI (DCE-MRI), which requires intravenous administration of an MRI contrast reagent. 9 Oxygen exchange can be quantified through analysis of water T 2 * values via the blood oxygenlevel-dependent (BOLD) effect, which is an endogenous mechanism of MRI contrast. 11 Thus, T 2 * measurements offer the potential of future clinical use in humans.
Recent advances in neuroimaging have revealed alterations in normal brain development in the setting of IUGR. [2] [3] [4] [5] As the fetal brain develops throughout gestation, it requires substantial nutrient support. 7, 12 Although the placenta provides oxygenation and transit of essential metabolites for normal fetal nervous system development, little is known about mechanistic links between placental insufficiency and perturbations to brain development. Retrospective motion correction in MRI has advanced the ability to acquire high-resolution 3-D brain MRI to characterize fetal brain growth in utero. 13 Further, these image reconstruction techniques have been extended to diffusion-based MRI contrast, [14] [15] [16] which enables development on the cellular level to be monitored. Studies using both human neonates 17, 18 and animal models 19 have identified deficiencies in brain growth and cellular-level maturation, with specific emphasis on the development of the cerebral cortex, 17 associated with IUGR. Incorporation of fetal brain MRI holds promise for gaining new understanding of the role of placental insufficiency in altered brain development observed with IUGR.
Within a control cohort of pregnant Rhesus macaques for a larger study, we detected naturally occurring IUGR secondary to placental insufficiency using Doppler-US as well as MRI modalities, with validation by histological analysis of placental tissue postdelivery. Detailed fetal brain MRI measurements and analyses were also performed to characterize the effect of IUGR on brain development. Together, these measurements provide an assessment of the potential use of newly developed MRI methods for identifying and characterizing placental insufficiency, with specific focus on blood flow and oxygen exchange within the intervillous space. Further, this approach provides the opportunity to determine the consequences of placental insufficiency on brain growth and maturation.
Methods

Experimental Design
A cohort of time-mated pregnant control Rhesus macaques (n ¼ 4) for a larger study were maintained on a diet of standard chow with 14% of calories from fat. All animals completed a prenatal ultrasound at gestational day 50 (G50, the gestational term is 168 in this species) to measure the biparietal diameter. At G135, all animals underwent Doppler-US in addition to fetal brain and placental DCE-MRI and BOLD measurements at gestational day 135 (G135, the gestational term is 168 days in this species) followed by immediate cesarean section delivery. Placental and fetal brain tissues were collected, weighed, and measured postdelivery.
Imaging Doppler-US. All G50 prenatal ultrasounds were performed on awake animals. Prior to the G135 Doppler-US, animals were sedated by intramuscular administration of 10 mg/kg ketamine. Sedation was maintained on a portable anesthesia delivery system providing O 2 with 1.5% isoflurane. Doppler-US measurements were collected by a sonographer using image-directed pulsed and color Doppler equipment (General Electric Voluson 730, Austria) with a 5-to 9-MHz sector probe. The lowest highpass filter level was used (100 Hz), and an angle of 15 or less between the Doppler beam was deemed acceptable. Blood flow velocity waveforms were obtained from the proximal portion of the uterine artery (Uta) as described previously. [20] [21] [22] Doppler waveform measurements for the Uta and umbilical artery were performed using machine-specific software, and the following measurements were obtained: pulsatility index, velocity-time integral (VTI), and fetal heart rate (HR). The diameter of the Uta was measured using power angiography as previously described. [20] [21] [22] The cross-sectional area (CSA) of the vessel was calculated as CSA ¼ p (diameter/2).
2 Uterine artery volume blood flow (cQ Uta ) was calculated using the following formula and corrected by maternal weight: cQ Uta ¼ VTI Â CSA Â HR. For the placental volume blood flow (cQ UV ), the Doppler waveforms were obtained from the straight portion of the intra-abdominal umbilical vein (UV) as described previously. [20] [21] [22] [23] The mean velocity (V mean ) was calculated as 0.5 of the maximum velocity. cQ UV was calculated as: V mean Â CSA Â 60.
Magnetic resonance imaging. Immediately following the G135 ultrasound procedures, MRI studies were performed on a NHP-dedicated 3-T Siemens TIM-Trio scanner (Siemens, Erlangen, Germany) using a circularly polarized transmit and 15-channel receive radiofrequency "extremity" coil (QED, Cleveland, OH 24 Immediately after acquisition of VFA data, 150 volumes of 3-D SPGR images were acquired for DCE-MRI (TR ¼ 2.00 milliseconds, TE ¼ 0.72 milliseconds, flip angle ¼ 20 , 6/8 partial Fourier encoding in both phase and slab encode directions, elliptical phase undersampling, parallel imaging with generalized autocalibrating partial parallel acquisition [GRAPPA; iPAT factor of 2], acquisition time per frame of 3.64 seconds), with field of view and resolution matched to the VFA images. Ten baseline images were acquired prior to intravenous injection of a standard dose of 0.1 mmol/kg of gadoteridol contrast reagent (Prohance; Bracco Diagnostics Inc, Princeton, New Jersey) at a rate of 30 mL/min using a syringe pump (Harvard Apparatus, Holliston, Massachusetts). Anatomic and multi-echo imaging were performed during expiratory breath holding, achieved by temporarily suspending ventilation, while DCE-MRI data were acquired during ventilated breathing. Relative signal enhancement was computed from the normalized ratio of the signal change with contrast administration to the mean preinjection baseline signal. 25 Physiological monitoring of pulse rate, arterial blood oxygen saturation, and end-tidal CO 2 partial pressure was performed throughout the imaging study, with no deviations from normal ranges observed in these parameters. Each physiological parameter was recorded at 10-minute intervals, and values reported herein are averages over the final 40 minutes of the MRI examination, which overlapped the time period in which placental multi-echo and DCE-MRI data were collected. The BOLD and DCE-MRI analyses were performed as described previously. 9, 10 Regions of interest (ROIs) encompassing both the primary and (where present) the secondary lobes of the placenta were drawn on the T 2 * maps by visual identification on each image slice.
For anatomical MR examination of the fetal brain, a 2-D turbo spin echo (TSE) sequence was used to acquire T 2 -weighted images with the following parameters: TR/TE ¼ 5000/97 milliseconds, GRAPPA factor ¼ 2, and TSE factor ¼ 27. As described previously, 26 multiple contiguous 2-D image stacks, with in-plane resolutions of 0.67 mm and thicknesses of 1 mm, were acquired along the maternal axial, sagittal, and coronal axes to facilitate the reconstruction of a 3-D volume with isotropic resolution. Diffusion-weighted images were acquired using a 2-D spin-echo-based echo-planar imaging (EPI) sequence. One b0 volume and 20 diffusionweighted volumes (b ¼ 500 s/mm2) were acquired with TR/ TE ¼ 5000/93 milliseconds, GRAPPA factor ¼ 2, EPI factor ¼ 78, and echo spacing ¼ 1.09 milliseconds. Similarly, 3 sets of b0 and diffusion-weighted image stacks were acquired along the maternal axial, sagittal, and coronal axes with in-plane resolution of 1.13 mm and thickness of 3 mm. In order to compensate for the relatively poor through-plane resolution for the diffusion data, 3 sets of diffusion-weighted image stacks were acquired along each axis, offset from one another by 1 mm. 26 Reconstruction of T 2 -weighted and diffusion MR image stacks were carried out following the procedures summarized by Wang et al, 27 yielding T 2 -weighted volume with 0.5 mm isotropic resolution and maps of fractional anisotropy (FA) in water diffusion with 0.75 mm isotropic resolution.
For the analysis of FA within white matter (WM), a template-based ROI approach was used. Template G135 T 2 -weighted images were constructed from in utero images acquired from 5 additional control fetuses at G135 following identical procedures to those used for this study (manuscript in preparation). Skull stripping of all images was performed manually using ITK-SNAP (http://www.itksnap.org). An unbiased T 2 -weighted brain template was constructed from the 5 skull-stripped T 2 -weighted images following procedures of Scott et al, 28 utilizing the ANTS software package (http:// stnava.github.io/ANTs/) for all linear and nonlinear image registration and image transformation steps. For 4 of the 5 fetuses, diffusion MRI data were also available, and for these fetuses, the skull-stripped b ¼ 0 image was nonlinearly registered to the T 2 -weighted image for that individual. Additionally, each T 2 -weighted image was nonlinearly registered to the T 2 template. Thus, an average FA map was generated by transforming each of the 4 individual FA maps to the T 2 -weighted template space by applying the parameters from the 2 transforms that link the b ¼ 0 image to the individual T 2 -weighted image and the individual T 2 -weighted image to the T 2 template. The ROIs were delineated for 8 WM structures on the average FA map (genu, body, and splenium of the corpus callosum, the anterior commissure, anterior and posterior limbs of the internal capsule, the cingulum bundle, and the optic radiations) as illustrated for a subset of ROIs in Figure 1G and H. The FA maps for the IUGR case and 3 G135 control fetuses were nonlinearly registered to the average FA map, and the label map of the 8 WM ROIs was transformed to the individual FA map space using the resulting registration parameters with nearest neighbor interpolation. Reported FA values reflect the mean FA for all image voxels overlapped by the labeled ROI. For all bilateral structures, FA values were averaged between the left and right sides.
For the analyses of the cerebral cortex, surface models of the interface between CSF and cortical gray matter (the pial cortical surface) was generated using the CARET software package (http://brainvis.wustl.edu). Surface area of each hemisphere was measured using a standard CARET function. Cerebral cortical FA mapped onto the cerebral cortical surfaces following previously described procedures. 29, 30 Histologic Analyses
Representative placental samples were collected from each individually identified and mapped cotyledon, fixed in 10% zinc formalin and embedded in paraffin. Histological sections (5 mm) were stained for hematoxylin and eosin and scored by a placental pathologist (T.K.M.) blinded to treatment group for characteristic features of placental insufficiency such as infarctions, knotting, and accelerated villous maturation.
Results
Growth Parameters
Maternal, fetal, and placental weight at the time of delivery were notably smaller in 1 animal compared to the remaining 3 G135 control animals (Table 1) . Hereafter, this animal is referred to as the "IUGR case." The IUGR case was a female fetus, and the control animals comprised of 2 female and 1 male fetus. At G50, the fetal biparietal diameter on ultrasound of the IUGR animal was 1.22 cm, which is consistent with a gestational age of 50 days. 30 For reference, the mean (standard deviation) for the remaining 3 control animals was 1.24 (0.02) cm. Subsequently, an ultrasound performed at G135 revealed a smaller fetal biparietal diameter of 3.9 cm, consistent with G114, 31 in the IUGR case compared to 4.5 (0.06) cm in other control animals ( Table 1) . Additional fetal biometry measurements were also small for the G135 gestational age compared to controls; the fetal abdominal circumference measured 1.17 cm versus 1.4 (0.04) cm, and the femur length was 2.96 cm versus 3.71 (0.19) cm.
Fetal Cord Blood
Fetal cord blood analysis indicated respiratory acidosis with an arterial pH of 6.99 with a base excess of À23 mmol/L in our IUGR case compared to control cord blood with an average arterial pH of 7.12 and base excess of À2 mmol/L.
Placental Perfusion and Oxygenation
By Doppler-US, we demonstrated a reduction both in cQuv and cQuta in the IUGR case compared to controls (Table 1) . There was no difference in umbilical artery and Uta pulsatility indices (Table 1) . Maternal perfusion of the placental intervillous space was evaluated using MRI, and multiple irregularities were seen in the IUGR case compared to control animals. For the DCE-MRI experiment, maternal perfusion of the bilobed Rhesus placenta was severely attenuated in the IUGR subject. Figure 2 shows images that reflect perfusion for the IUGR case (Figure 2A and B) and for a representative control case (C and D). Each panel is an image of the difference between pre-and Figure 1 . Impaired brain development in the intrauterine growth restriction (IUGR) fetus compared to gestational controls. An axial slice from 3-dimensional (3D) T 2 -weighted magnetic resonance imaging (MRI) data reconstructed at (0.5 mm)3 resolution is shown for (A) the IUGR case and (B) a G135 control fetus. Cerebral cortical surface models were constructed for the IUGR brain (C) and the G135 control (D). Water diffusion anisotropy is mapped onto the cerebral cortex surfaces and displayed according to the color bar. Maps of FA, reconstructed at (0.75 mm)3 image resolution, are shown for (E) the IUGR fetus and (F) a representative G135 control. In (G) and (H), white matter (WM) regions of interest (ROIs) are overlaid on a fractional anisotropy (FA) template constructed from 4 control G135 fetuses that were not included in this study (corpus callosum genu, body, and splenium are red, blue, and orange, respectively; anterior commisure is green; anterior limb of the internal capsule is magenta; and posterior limb of the internal capsule is cyan). Average FA within each of the WM ROIs, as well as average FA throughout the isocortex, is shown for average (standard deviation) in the mean for control fetuses (gray bars) and the IUGR fetus (orange bars). Asterisks indicate greater than 3 standard deviation differences between control and IUGR. Abbreviations: cc indicates corpus callosum; plic, posterior limb of the internal capsule; alic, anterior limb of the internal capsule; opt. rad., optic radiations; ant. com., anterior commisure; cing, cingulum bundle.
postcontrast reagent injection, divided by the precontrast reagent injection image. Perfusion of maternal blood through numerous spiral arteries is evident in both lobes of control animals resulting in intensity maxima where contrast reagent concentration is highest. In the IUGR case, perfusion through only 1 spiral artery is apparent in the primary lobe, and the spread of signal intensity enhancement is notably slower. On DCE-MRI, there was minimal quantifiable evidence of spiral artery perfusion of the secondary lobe observed in the IUGR case (data not shown). Maternal perfusion through spiral arteries is quantified as placental blood flow in Table 1 . Consistent with the analysis of cQuta, significantly less maternal blood is supplied to the placenta of the IUGR case because fewer spiral artery sources perfuse the placenta, and the volume flow of blood through these spiral arteries is lower (231 vs 558 mL/min).
In order to assess oxygen supply to the placenta, water T 2 * values were analyzed. In G135 control placentas, MR image voxels proximal to spiral artery sources of oxygenated maternal blood are characterized by relatively long T 2 * values, as has been previously described for the G110 Rhesus macaque placenta. 10 For MR image voxels further removed from spiral arteries, the concentration of deoxyhemoglobin is higher, due to oxygen exchange with the fetal vasculature, as maternal blood is transported from the spiral artery source throughout the placental intervillous space. The presence of a relatively higher concentration of paramegnetic deoxyhemoglobin causes the water T 2 * to be smaller than for voxels near spiral arteries.
Comparison of the IUGR case with a representative control animal ( Figure 3B and C) shows an overall reduction in T 2 * resulting from fewer spiral arteries, which poorly perfuse the organ with oxygenated blood. The histogram ( Figure 3A ) summarizes T 2 * values throughout the 3-D extent of the placenta and indicates an overall distribution of reduced T 2 * values in the placental insufficiency case (blue trace) compared to control animals (red traces).
Placental Pathology
Gross placental observations were notable for a large discrepancy in thickness between the 2 placental lobes in the IUGR case: the primary lobe measured 2-cm thick and the secondary lobe measured 0.3-cm thick. Comparatively, the control placentas were notable for a primary lobe measuring 1 (0.01)-cm thick and a secondary lobe measuring 0.8 (0.02)-cm thick. Histologic examination of the IUGR case compared to controls revealed evidence of compensatory growth in the primary lobe with hypermature villi, conspicuous syncytial knots, and areas of infarction ( Figure 4B vs A) . In addition, the secondary lobe had a paucity of chorionic villi ( Figure 4C) , and the existing villi were immature for gestational age and lacked fetal capillaries ( Figure 4D ) confirming aberrant vascular development. These findings are suggestive of relative placental insufficiency in both lobes and an avascular secondary lobe.
Fetal Brain Development
An extensive set of fetal brain measurements were performed on this cohort of pregnant animals, which facilitated a detailed characterization of the state of brain maturation in the IUGR fetus compared to typical G135 fetuses. Retrospective motion correction procedures enabled high-resolution (0.5 mm-sided isotropic voxels) T2-weighted images of the entire fetal brain for the IUGR case (axial view, Figure 1A ) and controls (an axial view for a representative brain is shown in Figure 1B) . Abbreviations: PI, pulsatility index; BPD, biparietal diameter; VTI, velocity time integral; CSA, cross section of uterine artery ¼ p (diameter/2)2; Vmean, mean velocity ¼ 0.5 Â maximum umbilical vein velocity; cQuta, uterine artery blood flow ¼ VTI Â CSA Â heart rate adjusted for maternal weight; cQuv, placental volume blood flow ¼ (Vmean Â CSA Â 60)/abdominal circumference.
Conspicuous lesions were absent; however, brain volume was smaller (22 mL compared to an average [standard deviation] of 32 [2] mL) in the IUGR case compared to controls, as is evident comparing Figure 1A and B. This was confirmed by measurements of brain weight following delivery ( Table 1 ). The T 2 -weighted images were used to generate models of the cerebral Figure 4 . Histopathology of case compared to gestational age G135-matched controls. A, Normal villous histology of a representative Rhesus control placenta at G135 has a predominance of terminal villous differentiation but rare to absent syncytial knots and no gross or microscopic infarctions. B, The primary lobe of the intrauterine growth restriction (IUGR) case showed conspicuous syncytial knotting and infarctions (arrow). C, The secondary lobe of the IUGR animal was very abnormal measuring less than 0.3 cm in thickness with a paucity of chorionic villi. D, Villi in the secondary lobe were also immature for gestational age and lacked fetal capillaries (asterisk). Hematoxylin and eosin-stained histologic sections; bar is 100 mm. cortical surfaces ( Figure 1C , IUGR hemisphere; Figure 1D , representative G135 control hemisphere), and although the overall pattern of cerebral cortical folding was similar to a typical G135 fetal brain, the surface area of the isocortex was reduced (87 cm 2 vs 115 [4] cm 2 ). The above-mentioned factors indicate that cerebral growth was perturbed by placental insufficiency. Complimentary information related to the morphological maturation of neurons and glial cells can be inferred from measurements of water diffusion anisotropy. As shown in Figure 1E (IUGR) and F (representative G135 control), it was possible to reconstruct images of FA of water diffusion following retrospective motion correction 26 at 0.75-mm isotropic resolution. Within developing WM, FA increases with age, and reductions in WM FA relative to age-matched controls is typically interpreted as reflecting aberrant development or compromised structural integrity of a WM fiber tract. 32, 33 In order to measure FA within multiple major white matter structures, a templatebased ROI approach was followed. Within all WM structures characterized by the optic radiation (opt. rad; Figure 1G -I), FA within the IUGR fetus was lower than the mean FA for the corresponding regions in 3 G135 controls. Within the genu of the corpus callosum, anterior commissure, and anterior limb of the internal capsule, FA in the IUGR case was more than 3 standard deviations of the G135 control distribution lower than the mean value observed for controls ( Figure 1I, asterisks) .
Throughout the cerebral cortical gray matter, water diffusion anisotropy is higher in the placental insufficiency case compared to control animals. This can be appreciated in the lateral views of right hemispheres ( Figure 1C and D) , in which cerebral cortical FA is projected onto the surface and color coded such that yellow indicated higher values of FA and orange is lower. On average, cortical FA in the IUGR case is 0.182 compared to 0.142 (0.006) for the 3 G135 brains. Higher diffusion anisotropy within cortical gray matter is consistent with less developed dendritic arbors and indicates a lesser degree of morphological differentiation of cells within the cerebral cortex of the growth-restricted fetus compared to the control group.
Discussion
The placenta serves a critical role in the maintenance of a healthy pregnancy and normal fetal growth and development. When normal placental development does not occur, it can result in inadequate fetal nutrition and oxygenation leading to complications such as IUGR with increased fetal and neonatal morbidity and mortality. Our findings highlight the ability of DCE-MRI, as well as the analysis of T 2 *, as complementary noninvasive imaging techniques to standard Doppler-US assessment of blood flow in major supporting vessels, with information related to perfusion directly in the intervillous space and exchange of oxygen with the fetal vasculature.
Multiple lines of evidence indicate that the mechanism of action of IUGR characterized in this study is secondary to placental dysfunction, which resulted in abnormal placental blood flow, oxygenation, and nutrient delivery. As the second-trimester G50 ultrasound noted a biparietal diameter appropriate for gestational age in our IUGR case, this suggests that the fetus was not constitutionally small but that this was late-onset pathologic IUGR most commonly secondary to placental dysfunction. 34 We had also observed a reduction in UV blood flow, reflected by a decreased cQuv (Table 1) , which is suggestive of diminished oxygen delivery to the fetus. Our findings are also supported by the respiratory acidosis observed in the umbilical cord blood at the time of delivery, which is consistent with what has been previously described in a fetus's metabolic and acid-base response to placental insufficiency. 35 In addition to a decrease in fetal blood supply, alterations in maternal placental hemodynamics were observed on Doppler-US assessment of the Uta Doppler waveforms congruent with prior studies of IUGR. 36 At the interface between the attenuated maternal and fetal perfusion observed in the IUGR case, DCE-MRI measurements confirmed that maternal perfusion of the intervillous space was diminished by approximately a factor of 2 relative to gestational age-matched control animals ( Table 1) . As a functional consequence of this reduced perfusion, oxygen delivery to the fetus was reduced, as reflected in reduced average placental water T 2 * in the IUGR case compared to controls. Together, these corroborative findings implicate fetal hypoxia secondary to aberrant placental function as contributing to or possibly being responsible for the observed IUGR.
Histologic analyses of placental tissue sections also complemented our observations mentioned earlier. Placental histology was notable for infarctions in the primary lobe and absence of fetal vessels and paucity of chorionic villi that are immature in the secondary lobe, which has been previously described in pregnancies complicated by uteroplacental insufficiency 37 and in placentas delivered preterm 38 or exposed to prenatal nicotine or a Western-style diet. 20, 39 In addition, placental histology also supplemented imaging findings of placental growth in response to abnormal maternal avascular adaptations to the secondary lobe. The primary lobe of the IUGR case appears to have compensated by altering its growth trajectory and becoming much thicker, with histological analyses demonstrating hypermature villi and findings consistent with placental insufficiency. We have previously reported similar placental adaptations in a NHP model in which the fetal interplacental bridging vessels were surgically ligated midgestation. 40 Noninvasive imaging procedures were also used to characterize brain volumetric, morphological, and microstructural abnormalities. As is consistent with previous reports, 17 conspicuous lesions were not apparent in T 2 -weighted images in the IUGR case compared to controls. Nevertheless, the IUGR brain volume was 72% that of gestation-matched controls, and the cerebral cortex surface area was similarly reduced (76% of the mean value for control fetuses). Diffusion MRI measurements also demonstrated that the development of several WM fiber tracts was attenuated, which corroborates animal 19 and human 41 MRI studies of individuals affected by IUGR.
Notably, water diffusion anisotropy was markedly increased throughout the cerebral cortex of the IUGR case. In the normally developing brain, cerebral cortical water diffusion anisotropy decreases following migration of neurons to the cortical plate, as dendritic and axonal arbors increase in complexity. 42 Fetal hypoxia, which was observed in our study, has previously been shown to attenuate the development of dendritic arbors, and this manifests as increased diffusion anisotropy in the cortex of affected animals. 43 Animal models of other neurodevelopmental disorders including fetal alcohol spectrum disorder 44 and sensory deprivation 45 have also shown that attenuated dendritic and axonal arbor development results in abnormally high-diffusion anisotropy in the cerebral cortex of affected individuals. Although histological analyses have not been performed on the brains shown in Figure 1 , recent work has demonstrated that high-diffusion anisotropy within cortex is associated with immature, poorly differentiated dendritic morphology in the fetal Rhesus macaque brain. 46 Thus, in studies of newborn humans, elevated cortical diffusion anisotropy is recognized to be associated with poor neurological outcomes. 47, 48 The IUGR case described here provides an example of an association between placental insufficiency and abnormal maturation of cells within the cerebral cortex.
The placenta has significant functional reserve to maintain adequate fetal nutrient delivery during pregnancy. However, when this functional reserve has been depleted, IUGR and its associated risk of poor pregnancy outcome can result. Thus, it is important to determine a noninvasive method to identify pregnancies at risk of hemodynamic alterations before the fetus is affected. The literature is limited on the role of MRI to identify pregnancies at risk of placental insufficiency and to determine disease severity. 49, 50 We have described a case of naturally occurring IUGR and abnormal fetal neurodevelopment resulting from placental insufficiency in a cohort of control animals where we employed advanced MRI techniques and correlated these data with tissue histology. These findings exemplify how DCE-MRI and T 2 *-based measurements of blood oxygenation are novel imaging strategies that have translational potential as useful obstetric tools for antenatal surveillance and earlier identification of placental and fetal brain health to facilitate clinical intervention and improve pregnancy outcomes prior to the onset of fetal and neonatal morbidity and mortality.
